Telomeres integrity is indispensable for chromosomal stability by preventing chromosome erosion and end-to-end fusions. During meiosis, telomeres attach to the inner nuclear envelope and cluster into a highly crowded microenvironment at the bouquet stage, which requires specific mechanisms to protect the telomeres from fusion. Here, we demonstrate that germ cell-specific knockout of a shelterin complex subunit, Trf1, results in arrest of spermatocytes at two different stages. The obliterated telomere-nuclear envelope attachment in Trf1-deficient spermatocytes impairs homologue synapsis and recombination, resulting in a pachytene-like arrest, while the meiotic division arrest might stem from chromosome end-toend fusion due to the failure of recruiting meiosis specific telomere associated proteins. Further investigations uncovered that TRF1 could directly interact with Speedy A, and Speedy A might work as a scaffold protein to further recruit Cdk2, thus protecting telomeres from fusion at this stage. Together, our results reveal a novel mechanism of TRF1, Speedy A, and Cdk2 in protecting telomere from fusion in a highly crowded microenvironment during meiosis.
Introduction
Telomeres are nucleoprotein structures located at the end of chromosomes and telomere integrity is essential for genome stability and cell survival. [1] Telomeres become progressively shorter during mitotic cycles or due to environmental stresses. When telomeres are shortened and become dysfunctional, cellular senescence is triggered and tissue/organ aging might be accelerated. [2] Dysfunctional telomeres also tend to form chromosomal end-to-end fusion, eventually causing genomic instability, cell cycle arrest, and finally cell death. [3] Protection of telomere fusion is mainly regulated by the telomerase complex and the shelterin complex, which includes six subunits (TRF1, TRF2, RAP1, TIN2, TPP1, and POT1). [4] [5] [6] [7] [8] [9] [10] [11] TRF1 and TRF2 directly bind to double-stranded telomeric DNA and prevent the activation of both ATM-and ATR-dependent DNA damage signaling pathways. [12, 13] telomere related genes are associated with many diseases, including Hoyeraal-Hreidarsson syndrome, dyskeratosis congenita, pulmonary fibrosis, and cancer. [14] [15] [16] Telomeres are attached to the nuclear matrix and scattered throughout the nucleus in somatic cells. [17] [18] [19] In contrast in germ cells, telomeres display an unprecedented behavior during meiotic prophase I where they attach to the inner nuclear envelope (NE) and cluster to form a structure which resembles a bouquet of flowers, termed the bouquet stage. [17, 20, 21] This phenomenon is conserved in diverse eukaryote species and required for homologous chromosome pairing, synapsis, and proper resolution of recombination events. [22, 23] During the bouquet stage, telomeres are in close proximity to each other, thus creating a crowded microenvironment. Since the prerequisite for telomere fusion is that two telomeres are in close proximity to each other to allow the reaction to occur, telomeres are vulnerable to unwanted end-to-end fusions at the bouquet stage. In this crowded microenvironment, protection mechanisms must have been evolved to protect them fusing with each other.
The attachment of telomeres to the NE is dependent on the transmembrane linker of nucleoskeleton and cytoskeleton (LINC)-complex, which contains SUN1, SUN2, KASH5, and adaptor proteins like TERB1, TERB2, MAJIN, Speedy A, and TRF1. [24] [25] [26] [27] [28] [29] Since TRF1 is a core subunit of the shelterin complex and also involved in anchoring telomeres to the NE by interacting with TERB1, [28] we selected TRF1 as the starting point to investigate the telomere fusion protection mechanism at the bouquet stage. We knocked out Trf1 in germ cells by crossing Trf1
Flox/Flox mice [13] with Stra8-Cre transgenic mice. [30] We found that Trf1 is essential for spermatogenesis since the knockout of Trf1 in male germ cells led to arrest at two stages: the pachytene-like and the meiotic division stages. It is the defective attachment of telomeres to NE that results in the pachytene-like arrest, whereas the meiotic division arrest stems from chromosome end-to-end fusions in Trf1 knockout spermatocytes. Further investigations uncovered that Speedy A and cyclindependent kinase 2 (Cdk2) but not SUN1 were involved in protection from telomere fusion at the bouquet stage. Thus, in addition to their roles in tethering telomeres to NE, our work defines novel functions for TRF1, Speedy A, and Cdk2 in protecting telomeres from fusion in a crowded microenvironment during meiosis.
Results

TRF1 is essential for spermatogenesis
To study the molecular mechanism of protection from telomere fusion at the bouquet stage, the core subunit of the shelterin complex, Trf1, was knocked out in germ cells by crossing mice with a floxed Trf1 allele to Stra8-Cre mice, which express Cre recombinase during early-stage spermatogenesis beginning on day 3 after birth. [30] Germ cellspecific Trf1 knockout mice will be referred to as Stra8-Trf1 −/− . We found that the Stra8-Trf1 −/− male mice were completely infertile. The size and weight of their testes were significantly reduced compared with that of Trf1 Flox/Flox and Stra8-Trf1 +/− mice (Fig. 1a-b ) due to efficient Trf1 deletion (Fig. 1c) . Further histological examination revealed that Trf1-deficient testes lacked post-meiotic cells (Fig. 1d ) and the diameter of Trf1-deficient seminiferous tubules was decreased significantly (Fig. 1e) . Few spermatozoa could be detected in the cauda epididymis and the total number of spermatozoa was dramatically reduced in the Stra8-Trf1 −/− mice compared with that of the control group, indicating that the disruption of Trf1 severely impairs spermatogenesis ( Fig. 1f-g ). The amount of degenerated cells with highly condensed nuclei found in the seminiferous epithelium of Stra8-Trf1 −/− mice ( Fig. 1d) , which are resembling the characteristic of apoptotic cells, let us speculate that the reduction of post-meiotic cells in Trf1-deficient testes is due to apoptosis. To verify this possibility, we performed TUNEL assays and found that the number of TUNEL positive cells per seminiferous tubule in the Stra8-Trf1 −/− mice was significantly increased compared with that of the control group (Supplementary Figure 1) , suggesting that spermatocytes in Trf1-deficient testes are eliminated through apoptosis. Altogether, these results indicate that germ cell-specific disruption of Trf1 results in spermatogenetic failure and that TRF1 is essential for spermatogenesis.
The Trf1-deficient spermatocytes arrest at two different stages.
Spermatogenesis is a process in the seminiferous epithelium where various generations of germ cells undergo a series of developmental steps, including spermatogonial mitosis, spermatocytic meiosis, and spermiogenesis. [31, 32] Spermatogenesis can be subdivided into 12 stages in mouse testes using Periodic Acid Schiff (PAS) and hematoxylin staining of sections. [33] To identify which stages of spermatogenesis were affected after Trf1 deletion, sections were stained with PAS and hematoxylin and we determined that spermatogenesis of Trf1-deficient mice was blocked at stages IV and XII (Fig. 2a) . Since early spermatocytes gradually develop into mid-pachytene spermatocytes at stage III-V and spermatocytes in either the first or the second meiotic division are present in stage XII, [33] our results indicate that the Stra8-Trf1 −/− spermatocytes might be arrested at the pachytene and meiotic division stages.
To confirm this hypothesis, we identified the various stages of meiotic prophase I by staining for a component of the synaptonemal complex, SYCP3. [34] All meiotic prophase I stages could be identified in the spermatocyte nuclei of Trf1
Flox/Flox testes, whereas only spermatocytes from the leptotene to the pachytene-like stages were observed in the Stra8-Trf1 −/− mice testes (Fig. 2b) . Further quantification of the meiotic prophase I stages in testes indicated that the proportion of the zygotene cells was significantly increased and that of diplotene cells was decreased in the Trf1-deficient testes (Fig. 2c) . The percentage of spermatocytes in the pachytene stage was not accumulated in Stra8-Trf1 −/− mouse testes (Fig. 2c) , most likely because the pachytene checkpoint-arrested spermatocytes undergoing apoptosis. [35] To further confirm this possibility, TUNEL staining was performed, and TUNEL-positive signal was detected in the pachytene-like spermatocytes in testes from Stra8-Trf1 −/− mice (Fig. 2d) , with the percentages of TUNEL positive tubules and spermatocytes in stage IV significantly higher than that of the control (Supplementary Figure 1d -e), suggesting that the deletion of Trf1 leads to a pachytene-like arrest and results in spermatocyte death. Since germ cells of Trf1-deficient mice also displayed stage XII arrest (Fig. 2a) and some diplotene and diakinesis spermatocytes could be identified in the Stra8-Trf1 −/− mouse testes, we speculated that some Trf1-deficient spermatocytes could bypass the pachytene checkpoint due to the variation of TRF1 expression, TRF1 protein half-life, or other reasons. We found that some of the germ cells were then blocked at the meiotic division stage. To determine the fate of the meiotic division stage-arrested germ cells, we performed TUNEL staining and found that some spermatocytes undergoing meiotic division were TUNEL positive (Fig. 2d) , with both the percentages of TUNEL positive ). Data are presented as mean ± SEM. **P < 0.01. tubules and spermatocytes in stage XII significantly higher than that of the control (Supplementary Figure 1f-g ). Thus, Trf1 disruption leads to most spermatocytes arresting at the pachytene-like stage but some of them bypass the pachytene checkpoint and are later blocked at the meiotic division stage. Germ cell-specific Trf1 knockout impairs the attachment of telomeres to the nuclear membrane Since it has been reported that TERB1 is involved in anchoring telomeres to the NE by interacting with TRF1, [28] we speculated that knocking out Trf1 might impair NE attachment. To verify this hypothesis, we performed immunofluorescence staining of the NE marker Lamin B and telomere FISH. In Trf1
Flox/Flox spermatocytes, most of the telomeres were attached to the NE at the zygotene and pachytene stage, whereas several telomeres were still detached from the NE in the Stra8-Trf1 −/− spermatocytes ( Fig. 3a-b ). Electron microscopy analysis indicated that the telomeres either did not reach the NE, did not form an attachment plate (AP), or were bound to a membrane vesicle just before reaching the NE (Fig. 3c) , which is similar to the reported phenomenon in other telomere-NE attachment-deficient mice. [24-29, 36, 37] Thus, the disruption of Trf1 seems to affect the telomere-NE attachment during meiosis. −/− spermatocytes was increased compared with that of the control group. Zygotene to pachytene spermatocytes were counted for wild-type, whereas pachytene-like spermatocytes were counted for the Stra8-Trf1 −/− spermatocytes. Trf1 Flox/Flox , 1.17 ± 1.38; Stra8-Trf1 −/− , 9.56 ± 1.62. The numbers of internal telomere (FISH) foci are presented as mean ± SEM. **P < 0.01. c An increased number of telomeres were detached from NE in the Trf1-deficient spermatocytes.
Electron micrographs showing telomeres (red arrowheads) and inner NE (white arrows) in the Trf1
Flox/Flox pachytene and Stra8-Trf1
pachytene-like nuclei; asterisks indicate membrane vesicles. Schematic illustrations represent the structures. AP attachment plate, CH chromatin, NE nuclear envelope, SC synaptonemal complex.
TRF1 is essential for homologue synapsis and recombination
During meiotic prophase I, telomeres associate with the LINC complex to attach to the nuclear envelope and the disruption of this attachment might affect homologous chromosome synapsis and recombination, thereby leading to pachytene-like arrest. [24, 26-29, 36, 37] To investigate homologous chromosomes synapsis, we stained chromosome spreads with antibodies against SYCP3 and SYCP1, a key component of the synaptonemal complex [38] and found that the SYCP1 signals were not continuous with SYCP3 and many regions of homologous chromosomes failed to synapse in the Trf1-deficient spermatocytes (Supplementary Figure 2 ), suggesting the knockout of Trf1 impairs homologue synapsis. Chromosome synapsis and recombination are facilitated by the introduction of DNA double-strand breaks (DSBs), [39] which can be monitored by detecting γH2AX-positive foci at the leptotene and zygotene stages and these are decreased on autosomes after DSB repaired at the pachytene stage ( Fig. 4a) . [40] In the Stra8-Trf1 −/− spermatocytes, the γH2AX signal was detected at leptotene and zygotene stages, which was similar to Trf1
Flox/Flox spermatocytes, indicating the normal production of DSBs (Fig. 4a) . However, in the Trf1-deficient spermatocytes, the γH2AX signal was still diffused on the autosomes at the pachytene-like stage, rather than accumulated only on the XY bodies (Fig. 4a) . Consistent with the γH2AX staining, ATR, which is integral to the regulation of programmed DSB formation, [41, 42] was also detected on the autosomes of Stra8-Trf1 −/− spermatocytes ( Fig. 4b ). These results indicate that the programmed DSBs are properly introduced, but DSB repair is impaired in the Trf1-deficient spermatocytes. Since the DSB repair in meiosis is mainly dependent on homologous recombination, we stained for the meiosis specific recombination related protein, DMC1 [39] in Stra8-Trf1 −/− spermatocytes. The number of DMC1 foci in the Trf1-deficient spermatocytes was dramatically increased compared with that of the control group (Fig. 4c) , indicating impaired homologous recombination. The late-recombination marker MLH1 normally appeared at the designated crossing-over sites, [43] and MLH1 immunofluorescence in Trf1-deficient spermatocytes indicated that the number of MLH1 foci was significantly reduced compared with that of the control group ( Fig. 4d-e) , suggesting the crossover formation was also impaired. Altogether, TRF1 is required for homologue synapsis and recombination, and the disruption of Trf1 might affect the telomere-nuclear envelope attachment, lead to impaired homologue synapsis, recombination and crossover formation, finally resulting in a pachytene-like arrest.
Impaired telomere fusion protection in Trf1-deficient spermatocytes leads to meiotic division arrest
It has been reported that the depletion of shelterin complex subunits, such as TRF1, leads to telomere de-protection and initiation of DNA damage response at the end of chromosomes with telomere fusions and cell cycle checkpoint activation in somatic cells. [5, 12, 15, 16, 44] Thus, it is possible that TRF1 depletion in germ cells could lead to chromosomal end-to-end fusions and result in meiotic division arrest. We noticed fused chromosomes in Stra8-Trf1 −/− pachytene-like spermatocytes (Figs. 2b, 4a-b) .
Therefore, we performed telomeric FISH experiment together with SYCP3 staining in chromosome spreads of spermatocyte nuclei. Indeed we found end-to-end fusions in the Trf1-deficient spermatocytes (Fig. 5a ), which might originate from the bouquet stage in Stra8-Trf1 −/− spermatocytes (Supplementary Figure 3) . In support of the above results, we uncovered that both the Tel-FISH intensity and area in the Trf1-deficient spermatocytes were increased compared to those in the control group (Fig. 5b-c ), most likely due to their elongation by telomere fusions (Fig. 5d) . These results suggest that germ cell-specific knockout of Trf1 may impair telomere integrity, leading to chromosomal instability with telomere end-to-end fusions, finally resulting in a meiotic division arrest.
To investigate the protection mechanism of TRF1 in preventing telomere fusion during meiosis, we stained for other shelterin complex subunits. Surprisingly, the protein levels of the shelterin complex proteins TRF2, TIN2, and POT1 were dramatically reduced in the Stra8-Trf1 −/− mouse testes but TRF2 was still localized on telomeres, even when fusion occurred ( Fig. 5g and Supplementary  Figure 4a ), which suggests that telomere might be protected during meiosis through a meiosis-specific mechanism. Recently, several LINC complex proteins and their adaptor proteins have been identified, such as Speedy A, Cdk2, TERB1, MAJIN, and SUN1. [24, 26, 28, 29, 36, 37] We screened potential effectors of telomere fusion at the bouquet stage, and found that TRF2, RAP1, and SUN1 were still localized on telomeres, but Speedy A and Cdk2 were not recruited to the telomeres in Trf1-deficient spermatocytes (Fig. 5e-f and Supplementary Figures 4a-c) . In addition, the protein levels of Speedy A and Cdk2 were substantially decreased in the Stra8-Trf1 −/− mouse testes compared to those of the control groups (Fig. 5g) . These results indicate that the disruption of Trf1 impairs the localization of the meiotic telomere-related proteins, Speedy A and Cdk2, on telomeres, which might be indispensable for preventing telomere fusion during meiosis. 2 ). Data are presented as mean ± SEM. ***P < 0.001. d Telomere length was increased in the Trf1-deficient spermatocytes.
Quantitative PCR was performed to measure telomere length and the relative telomere to reference single copy gene (T/R) ratio was calculated to represent the average telomere length in the Trf1
Flox/Flox and Stra8-Trf1 −/− spermatocytes at pachytene or pachytene-like stage.
Trf1
Flox/Flox (gray bar, 0.78 ± 0.12), Stra8-Trf1 −/− (white bar, 1.23 ± 0.09). Data are presented as mean ± SEM. ***P < 0.001. e and f Speedy A and Cdk2 are not recruited to the telomeres in the Trf1-deficient spermatocytes. Trf1
Flox/Flox and Stra8-Trf1 −/− chromosome spreads of spermatocytes were immunolabelled with antibodies against SYCP3 (red) and Speedy A (green) or Cdk2 (green). g Selected shelterin and LINC complexes protein levels were decreased after Trf1 depletion. Immunoblotting for shelterin and LINC proteins in Trf1
Flox/ Flox and Stra8-Trf1 −/− spermatocytes. TIN2, TRF2, POT1, Speedy A, and Cdk2 were all decreased to some extent in the Stra8-Trf1 −/− spermatocytes. GAPDH was used as loading control.
Direct physical interaction between TRF1 and Speedy A
To further investigate the relationship between TRF1, Speedy A and Cdk2, we purified TRF1, Speedy A and Cdk2 proteins (Fig. 6a) and performed the GST pull-down experiments. Our results indicated that TRF1 could directly interact with Speedy A, but not Cdk2 (Fig. 6b-c) . We further confirmed the known interaction between Cdk2 and Speedy A, and found that GST-Cdk2 could directly bind to Speedy A (Fig. 6d) . Since previous reports indicated that Speedy A was necessary for Cdk2's localization on telomeres during meiosis, [36] we speculated Speedy A might work as a scaffold protein to facilitate the indirect interaction between TRF1 and Cdk2. To test this possibility, GST-TRF1 was used to pull-down Cdk2 in the presence or absence of Speedy A. The GST pull-down experiments suggested that in the presence of Speedy A, Cdk2 could be pulled down by TRF1 (Fig. 6e ). To further demonstrate that Speedy A was a scaffold protein, we did a competition experiment by adding excess Speedy A or Cdk2. When we increased the levels of Cdk2 in the reaction, the binding of Speedy A to TRF1 was unchanged, suggesting that TRF1 and Cdk2 might bind Speedy A at different non-overlapping sites (Fig. 6f) . Thus, TRF1 interacts directly with Speedy A, and Speedy A binds to Cdk2, thereby recruiting Cdk2 to the telomeres.
Speedy A and Cdk2 are required for protecting telomere fusion at the bouquet stage
To investigate whether Speedy A and Cdk2 are also required for preventing telomere fusion during meiosis, we performed telomere-FISH and SYCP3 staining of Speedy A, and Speedy A were determined by GST pull-down assays. GST-TRF1 or GST conjugated sepharose beads were used to pull down His-FLAG-Speedy A. Bound proteins were detected by immunoblotting analysis with anti-FLAG and anti-GST antibodies. c No direct physical interaction between TRF1 and Cdk2, which was determined by GST pull-down assays. GST-TRF1 or GST conjugated sepharose beads were used to pull down His-MYC-Cdk2. Bound proteins were detected by immunoblotting analysis with anti-MYC and anti-GST antibodies. d Direct physical interaction between CDK2 and Speedy A was determined by GST pull-down assays. GST-CDK2 or GST conjugated sepharose beads were used to pull down purified His-FLAG-Speedy A. Bound proteins were detected by immunoblotting analysis with anti-FLAG and anti-GST antibodies. e Speedy A-mediated interaction between TRF1 and Cdk2. GST-TRF1 or GST conjugated sepharose beads were used to pull down His-FLAG-Speedy A and (or) His-MYC-Cdk2. Bound proteins were detected by immunoblotting analysis with anti-FLAG or anti-MYC antibody. Asterisks indicate the bands of Speedy A. Input for His-FLAG-Speedy A and His-MYC-Cdk2 were 10% and 1%, respectively. f TRF1 and Cdk2 do not compete for interaction with Speedy A. GST-TRF1 or GST conjugated sepharose beads were used to pull down His-FLAG-Speedy A in the presence of increasing amounts of His-MYC-Cdk2. Bound proteins were detected by immunoblotting analysis with anti-FLAG and anti-MYC antibodies. Asterisks indicate signals of Speedy A.
Cdk2, and Sun1-deficient spermatocytes and found some fused telomeres in Speedy A −/− and Cdk2 −/− spermatocytes but not in Sun1 −/− spermatocytes (Fig. 7a , Supplementary   Figures 5a and 5c ). Consistent with the telomere fusion results, we found that the total number of telomeres in the Speedy A −/− and Cdk2 −/− spermatocytes was significantly decreased compared with their control groups (Fig. 7b ), but we did not observe this phenomenon in somatic cells since the total number of telomeres in Speedy A −/− mouse embryonic fibroblasts (MEFs) was similar to that of the control (Fig. 7c) . In contrast to Speedy A −/− and Cdk2 −/− , the total number of telomeres in Sun1 −/− spermatocytes was normal at pachytene-like stage, but was increased at zygotene stage, presumably due to homologous chromosome synapsis failure (Fig. 7b) . These results are similar to those findings in the Trf1-deficient spermatocytes, indicating that Speedy A and Cdk2 are required for preventing telomere fusion during meiosis, and telomere fusion in Trf1-deficient spermatocytes might be caused by the absence of Speedy A and Cdk2 on telomeres.
Since the disruption of Trf1, Speedy A, and Cdk2 could cause telomere fusion during meiosis and Trf1 depletion resulted in the exclusion of Speedy A and Cdk2 from telomeres, TRF1 might be an upstream telomeric recruiter for Speedy A and Cdk2. To test this hypothesis, we stained for TRF1 in Speedy A −/− and Cdk2 −/− spermatocytes and found that TRF1 was still localized on telomeres albeit the TRF1 signal was decreased compared to the control ( Fig. 7d and Supplementary Figure 5b) . The lower TRF1 signaling might be due to structural changes of the telomeres because the deletion of Speedy A or Cdk2 leads to telomere fusions in spermatocytes. Immunoblotting analysis of telomeric complex components indicated that SUN1 and TRF1 levels were not changed in Speedy A −/− spermatocytes (Fig. 7e) , thus suggesting that TRF1 and Speedy A may be central for the mechanism of protecting telomeres from fusion at the bouquet stage.
Discussion
The cell interior is densely crowded with thousands of macromolecules such as proteins, DNA, RNA, and other molecules, where biological macromolecules have to function in crowded cellular environment. [45, 46] Chromatin, a huge macromolecule, usually distributes all over the nucleus in most somatic cells. [47] In contrast in germ cells, chromatin packs into a relative small space, and chromosome ends cluster in close proximity at the bouquet stage during meiosis, [17, 20, 21] thus creating a crowded microenvironment for telomeres. It is not known how to protect the telomere from fusion in this special microenvironment. Here, we demonstrate that the disruption of the shelterin component Trf1 drives telomere fusion during meiosis (Fig. 5a ) and TRF1 is required for the telomeric localization of Speedy A and Cdk2 (Fig. 5e-f ). Further analysis indicated that the absence of Speedy A and Cdk2 led to severe telomere fusions in spermatocytes ( Fig. 7a and Supplementary Figure 5a) . Thus, TRF1, Speedy A, and Cdk2 are found to be involved in protecting telomeres from fusion in this crowded microenvironment (Fig. 7f) . TRF1 is important for the functional telomere structure and it can directly bind double-stranded telomeres by connecting with TRF2 through TIN2. [4, 15] Depletion of TRF1 affects the telomeric association of TRF2, [48] which has a crucial role in chromosome end protection. [12] Similarly, cyclin E deletion causes TRF2 depletion from the telomeres and aberrant telomere structures. [49] Speedy A was dissociated from telomeres in Trf1-deficient spermatocytes and TRF1 could directly bind to Speedy A, suggesting that TRF1 might recruit Speedy A to telomeres during meiosis. Speedy A then serves as a scaffold protein to further recruit Cdk2 to telomeres. Recently, a "telomere localization domain" of Speedy A was identified and it is sufficient for Speedy A to co-localize with TRF1 on telomeres. [36] The C-terminal RINGO domain of Speedy A is also necessary for Cdk2's localization to telomeres during meiosis. [26, 36] In addition, it has been reported that the formation of cyclin E/Cdk2 complex is necessary for the telomeric localization of Cdk2 and protection of the telomeres from end-to-end fusions. [49, 50] We found that cyclin E levels were increased in Trf1-deficient spermatocytes and cyclin E was still recruited to chromosomes at the pachytene stage (Supplementary Figure 6) , suggesting that cyclin E itself is not sufficient to recruit Cdk2 to the telomeres. Thus, we propose that Speedy A may act as a scaffold protein for TRF1 and Cdk2, thus recruiting Cdk2 to telomeres. On the other hand, the RINGO domain of Speedy A interacts with Cdk2 and promotes Cdk2 activation to protect telomere from fusion during meiosis.
Telomere-NE attachment is essential for homologous chromosome synapsis and recombination and many key proteins have been identified for this attachment such as TERB1, TERB2, MAJIN, Speedy A, Cdk2, SUN1, SUN2, and KASH5. [24, 26, 28, 29, 36, 37] TRF1 can interact with TERB1 to form the chimeric complex, TRF1-TERB1/2-MAJIN, which is indispensable for telomere-NE attachment. [28, 29] During mid prophase, telomere cap exchange is achieved by removing the shelterin complex, including TRF1, from the membrane-anchored telomeres, which is dependent on CDK activity. [29] However, TRF1 is still localized near the membrane-anchored telomere region, indicating additional roles of TRF1 during meiosis. Our results demonstrate that in addition to the telomere-NE attachment, TRF1, Speedy A, and Cdk2 are required for protecting telomeres from fusion at the bouquet stage during meiosis. However, the disruption of Sun1, Terb1, Terb2 and Majin do not affect telomere stability because telomere fusions were not observed in Sun1 −/− spermatocytes (Supplementary Figure 5c) , and the number of telomere does not decrease in Terb1 and Terb2 deficient spermatocytes. [28, 29] Considering that SUN1-dependent chromatin mobility is important for fusion of dysfunctional telomeres in somatic cells, [51] it is possible that the absence of SUN1 or other LINC complex components do not cause telomere fusion during meiosis. Thus, the functions of LINC components and their adaptor proteins in preventing telomere fusion and telomere-NE attachment are not the same process. Whereas SUN1 only participates in telomere-NE attachments, TRF1, Speedy A, and Cdk2 are involved in both of these two processes (Figs. 5 and 7, Supplementary  Figures 5a-b) . Therefore TRF1, Speedy A, and Cdk2 are key players of the meiosis-specific mechanism in protecting telomeres from fusion at bouquet stage.
Materials and methods
Animals' experiments
The Trf1 Flox/Flox mice (C57BL/6J) were a gift from Prof. Maria A. Blasco from the Spanish National Cancer Centre (CNIO). [13] The Trf1
Flox/Flox Stra8-Cre mice were bred from intercrosses of Trf1
Flox/Flox mice and Stra8-Cre mice [30] . The Speedy A −/− and Cdk2 −/− mice have been reported previously. [36, 52] The Sun1 −/− mice were purchased from Jackson Laboratory, numbered 012715-B6; 129S6-Sun1 tm1Mhan /J (Bar Harbor, ME). All animal studies were carried out in accordance with the protocols approved by the Institutional Animal Care and Use Committee of the Institute of Zoology, Chinese Academy of Sciences.
Tissue collection and histological analysis
For histological examination, at least three adult mice for each genotype were analyzed. The testes were dissected and fixed with Bouin's fixative for up to 24 h. Next, the testes were dehydrated using graded ethanol and embedded in paraffin. 5 μm sections were collected and covered on glass slides. After deparaffinization, sections were stained with H&E for histological analysis, or stained with Periodic Acid Schiff (PAS)-hematoxylin for determining the seminiferous epithelia cycle stages.
Epididymal sperm count
The cauda epididymis was isolated from 10-week-old mice. Sperm were released from the cauda epididymis and incubated at 37°C for 30 min under 5% CO2. The sperm solution was diluted and sperm number was counted with a hemocytometer.
Antibodies
The FLAG ( Mouse anti-RAP1 (A300-306A) was purchased from Bethyl (Montgomery, TX). Mouse antibodies against Cyclin E (MA5-14336) were purchased from Thermo fisher (Rockford, USA). Rabbit anti-Speedy A was generated as previously reported. [36] Goat FITC-conjugated secondary antibodies for rabbit, donkey FITC-conjugated secondary antibodies for mouse, rabbit TRITC-conjugated secondary antibodies for goat, and goat TRITCconjugated secondary antibodies for mouse IgGs were purchased from Zhong Shan Jin Qiao (Beijing, China). Alexa Fluor®680-conjugated goat secondary antibodies for mouse (A21057) and Alexa Fluor® 680-conjugated rabbit secondary antibodies for goat IgGs (A21088) for immunoblotting were purchased from Invitrogen (Carlsbad, CA), IRDye® 800CW-conjugated goat secondary antibodies for rabbit (926-32211) for immunoblotting was purchased from LI-COR (Lincoln, NE).
Immunoblotting
To prepare protein extracts, the testis albuginea was peeled and the testis or the isolated spermatocytes was suspended in cold RIPA buffer (R0010 Solarbio) supplemented with a protein inhibitor cocktail (Roche Diagnostics, 04693116001, Rotkreuz, Switzerland) and 1 mM phenylmethylsulfonyl fluoride (PMSF, 0754, Amresco). After homogenization and transient sonication, cell extracts were incubated on ice for 30 min. The samples were then centrifuged at 12,000×g for 20 min at 4°C. The supernatant was transferred to a new tube for immunoblotting. Protein samples were separated via SDS-PAGE and electrotransferred to a nitrocellulose membrane. After incubation with primary and secondary antibodies, the membrane was scanned using an ODYSSEY Sa Infrared Imaging System (LI-COR Biosciences, Lincoln, NE).
Immunofluorescence and TUNEL assay
The chromosome spreads of spermatocytes were washed with PBS for 3 times and blocked with 5% bovine serum albumin (AP0027, Amresco, Solon, OH). Primary antibodies were incubated at 4°C overnight, followed by incubation with the secondary antibodies. The nuclei were stained with 4′, 6-diamidino-2-phenylindole (DAPI). The images were taken immediately using an LSM 780 microscope (Zeiss, Oberkochen, Germany) or a TCS SP8 microscope (Leica, Wetzlar, Germany). 5-μm sections mounted on glass slides were first deparaffinized and then boiled for 15 min in sodium citrate buffer for antigen retrieval. After washing with PBS, sections were blocked and followed by antibody incubation as described above. To detect apoptotic cells in testis, we used the terminal deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL) assay kit (In Situ Cell Death Detection Kit; Roche, 11684795910) according to the manufacturer's instructions. [53] Briefly, sections of the testes were deparaffinized and boiled for 15 min in sodium citrate buffer for antigen retrieval. After treated with H 2 O 2 for 10 min at room temperature and sodium citrate for 2 min on ice, the slides were rinsed twice with PBS, the TUNEL reaction mixture was added and incubated in a humidified atmosphere for 60 min at 37°C in the dark, following by immunofluorescence staining as detailed above.
Immuno-FISH assay
The immuno-FISH assay was carried out based on a FISH protocol with minor modifications. [54] In brief, spermatocyte spreads were treated with DNase free RNase A (V900498, SIGMA, 100 g/ml) at 37°C for 30 min and then dehydrated with 70, 85, and 100% alcohol. After denaturation at 85°C for 10 min, they were hybridized for 2 h at 37°C with fluorescein isothiocyanate (FITC)-labeled Tel (CCCTAA)3 PNA probe (F1009 PNA BIO). The slices were washed sequentially in 2X saline sodium citrate (SSC) with 0.1% Tween (twice) at 65°C and with 2X SSC (twice) at room temperature for 5 min each time. The preparations were then co-labeled with antibodies.
Genomic DNA extraction and qPCR assay to measure telomere length
The average telomere length was measured from total genomic DNA of pachytene and pachytene-like spermatocytes in Trf1 Flox/Flox and Stra8-Trf1 −/− mice. Genomic DNA used for average telomere length measurement was extracted following a previous report. [55] Briefly, cells were harvested and lysed in fresh lysis buffer (10 mM Tris-HCL pH 8.0, 0.1 M EDTA, 0.5% SDS, 20 ug/ml RNase) for 3 h and gently inverted every 30 min to release the RNA. Then 200 ug/ml Proteinase K (P6556-100MG, SIGMA) was added and incubated the mixture at 55°C overnight. After that, phenol:chloroform:isoamyl alcohol = 25:24:1 was used to extract the total genomic DNA, followed by ethanol precipitation. The air-dried DNA was dissolved in 30 µl TE buffer for 2 h in a 37°C water bath. Purity and integrity of the genomic DNA was tested with NanoDrop and agarose gel electrophoresis. The OD260/OD280 ratio was between 1.60 to 1.90. Telomere length was measured by the qPCR method as previously described. [56, 57] Protein purification and GST pull-down assay
For purification of GST-TRF1, GST-Cdk2, His-FLAGSpeedy A, and His-MYC-Cdk2, cDNA encoding mouse TRF1, Cdk2 (variant 1) and Speedy A were cloned into pGEX-4t-1 and modified pET28a (one MYC or FLAG tag was first cloned in to the vector) respectively. Briefly, the plasmid was transformed into BL21 (DE3) cells and grown in Terrific Broth at 37°C. When the optical density reached 1.0, they were transferred to the low temperature (16°C) shaker, and induced with 0.25 mM isopropyl-Dthiogalactoside (IPTG) for 16 h. After that, cells were harvested and then resuspended in lysis buffer (20 mM Tris, pH 7.4, 500 mM NaCl, 10 mM imidazole, 10% glycerol for hexahistidine-tagged fusion protein; 50 mM Tris, pH 7.4, 500 mM NaCl, 2 mM MgCl 2 , 5% glycerol for GST-tagged fusion proteins) supplemented with 1 mM PMSF. Sonication was used to lyse the bacteria. Then we collected the supernatant by high-speed centrifugation, and incubated them with Ni Sepharose 6 Fast Flow (GE Healthcare, Marlborough, MA) or Glutathione Sepharose 4B (GE Healthcare, Marlborough, MA) for 2 h at 4°C. The beads were washed, and the protein was eluted using the lysis buffer supplemented with 250 mM imidazole or 10 mM glutathione. The pull-down assays were performed as described previously [58] . Briefly, GST-TRF1 and GSTCdk2 were diluted in a buffer containing 20 mM Tris, pH 7.4, 150 mM NaCl, 0.1% Triton X-100, 2 mM MgCl 2 , 0.1% BSA and incubated with Glutathione Sepharose 4B agarose beads (GE Healthcare, Marlborough, MA) at 4°C for 2 h, followed by further incubation for 2 h at 4°C with FLAGSpeedy A or MYC-Cdk2 or both of them. The beads were washed three times with high-salt buffer, and then subjected to immunoblotting analysis with anti-GST, anti-MYC and anti-FLAG antibodies.
Transmission electron microscopy
Adult mouse testis was dissected and fixed with 2.5% (vol/ vol) glutaraldehyde in 0.2 M cacodylate buffer (50 mM cacodylate pH 7.2, 50 mM KCl, 2.5 mM MgCl 2 ) overnight. After washing in cacodylate buffer, the tissues were cut into small pieces of approximately 1 mm 3 and immersed in 1% OsO 4 in 0.2 M cacodylate buffer for 2 h at 4°C. Next, the samples were washed and submerged in 0.5% uranyl acetate overnight. Dehydrated through a graded ethanol series and embedded in resin (Low Viscosity Embedding Media Spurr's Kit, EMS, 14300). Ultrathin sections were cut on an ultramicrotome and mounted on copper grids. Then the sections were stained with uranyl acetate and lead citrate for 10 min and observed using a JEM-1400 transmission electron microscope (JEOL, Tokyo, Japan).
Chromosome spreads of spermatocyte
Spermatocyte surface spreading was conducted according to the drying-down technique as previously described. [59] Briefly, testes were dissected and the tubules were washed in phosphate-buffered saline (PBS) pH 7.4 at room temperature. Next, the tubules were submerged in a hypotonic extraction buffer (30 mM Tris pH 8.2, 50 mM sucrose, 17 mM trisodium citrate dihydrate, 5 mM EDTA, 0.5 mM DTT and 0.5 mM PMSF) for 30-45 min. Subsequently, the tubules were torn into pieces in 100 mM sucrose pH 8.2 on a clean glass slide and then pipetted gently to make a suspension. The cell suspensions were loaded on slides containing 1% paraformaldehyde (PFA) pH 9.2 and 0.15% Triton X-100. The slides were dried for at least 2 h in a closed box with high humidity. Finally, the slides were washed with 0.4% Photoflo (Kodak, 1464510, Rochester, NY) for 10 min and immunostained with antibodies according to the standard protocols mentioned above.
Speedy A
−/− MEF isolation and metaphase spread karyotyping Speedy A −/− mice was generated from intercrossing of Speedy A +/-mice. We obtained mouse embryonic fibroblasts (MEF) from 13.5-day-old embryos as previously described. [60] The cells were incubated at 37°C with 5% CO 2 . For karyotype determination of metaphase spreads, 0.1 µg/mL Colchicine was used to synchronize MEF cells at metaphase, following treatment with hypotonic buffer (0.075M KCl) and incubation at room temperature for 20 min. The suspension was centrifuged and the supernatant was discarded. Cell pellets were fixed twice: in methanol/glacial acetic acid (3:1) and methanol/glacial acetic acid (1:1). Fixed cells were dropped onto ice-cold slides and air dried. The slides were stained with telomere-FISH and DAPI to calculate the proportion of fusion.
Statistical analysis
All data are presented as the mean ± SEM. The statistical significance of the differences between the mean values for the various genotypes was measured by Student's t-tests with a paired, 2-tailed distribution. The data were considered significant when the P-value was less than 0.05 (*), 0.01 (**) or 0.001(***).
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